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AN EVALUATION OF COATED MOLYBDENUM AND COLUMBIUM ALLOYS 

IN HIGH-TEMPERATURE SUPERSONIC AIRSTREAMS 

By Irvin M. Miller 

Langley Research Center 

A 
SUMMARY 

An experimental study was made to investigate the oxidation behavior of four com- 

mercially coated refractory metal systems in supersonic airstreams:   Durak B^and 

Vought DC coated TZM and Cr-Ti-sHuid Cr-MoSi^'coated Cb-752i,;=Cyclic coating life 

and temperature data were obtained on 0.375-inch-diameter (0.953 cm) blunt-nose models 
at surface temperatures from 2600° to 3000° F (1700° to 1920° K) and at air stagnation 

pressures behind the shock wave of 0.03, 0.10, and 5.5 atmospheres.   The oxidation behav- 

ior of uncoated molybdenum- and columbium-alloy models of the same size and shape was 
also studied in the same test environments. 

Coating life of the TZM/Durak B, Cb-752/Cr-Ti-Si, and Cb-752/Cr-MoSi2 systems 
was significantly lower at air stagnation pressures of 0.10 and 0.03 atmosphere than at 

5.5 atmospheres.   At these low-pressure conditions, the coating life of these three coating 

systems did not exceed 32 minutes.   The uncoated columbium alloys oxidized catastrophi- 

cally at air stagnation pressures of 0.10 and 0.03 atmosphere in less than 20 seconds at 
temperatures^well below the melting points of the alloys.   / 

INTRODUCTION 

Alloys of the refractory metals, such as molybdenum and columbium, are among the 

materials being considered for radiatively cooled heat shields in lifting reentry vehicles. 

These heat shields are expected to have maximum surface temperatures from 2040° to 

3540O F (1390° to 2220° K) at less than normal atmospheric pressure.   (See ref. 1.) 

Heat shields using the refractory metals are capable of multiple reentries, depending on 

the time-temperature environment.   However, these alloys begin to oxidize below 2000° F 

(1370° K) and form oxides which do not protect the base metal.   Molybdenum alloys oxi- 

dize to a gaseous product with a consequent loss of material.   Columbium alloys oxidize 

to porous oxide scales which permit further alloy oxidation.   Numerous attempts have 

been made to increase the oxidation resistance of these alloys to an acceptable level with- 
out degrading alloy properties, but none have been successful.   (See refs. 2, 3, and 4.) 

Therefore, refractory inorganic coatings were developed to protect these alloys from 
oxidation. 
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To evaluate the oxidation resistance of coated refractory alloys, many oxidation 

studies have been made in static or low flow-rate environments.   (See ref. 5.)   These 

studies were usually carried out at an air pressure of 1 atmosphere (0.1013 MN/m2) and 

for 1-hour exposure cycles.   Some studies were made in static environments at reduced 

pressures.   (See ref. 6.)   Very few studies have been made to determine the oxidation 

response of these coated alloy systems in dynamic environments. 

A dynamic environment has two possible effects on a coated surface which are not 

present in a static environment:   one is a shearing effect of a liquid or loose solid at the 

surface- the other is a more rapid transport of oxygen to the surface and a more rapid 

diffusion from the surface of any gas produced at the surface.   Very limited dynamic test 

data exist for a pressure range from 0.01 to 1 atmosphere; therefore, it was difficult to 

evaluate the effects of a dynamic environment on coating performance.   (For example, 

see refs. 7, 8, and 9.) 

The primary purpose of the present experimental study was to investigate the oxida- 

tion behavior of selected coating-alloy systems in a range of dynamic environments. 
Another purpose was to compare coating performance in dynamic environments with static 

test data in the literature.   Since a coating failure could expose the substrate material to 

oxidation, a final purpose was to determine the oxidation behavior of uncoated alloys in 

the same dynamic environments used for the coated alloys. 

The experimental program was carried out with four commercially coated refrac- 

tory metal systems:   Durak B and Vought IX on molybdenum alloy TZM and Cr-Ti-Si and 

Cr-MoSi2 on columbium alloy Cb-752.   These two alloys and columbium alloy B-66 were 

used in uncoated-alloy oxidation studies. 

Two test parameters considered important in the response of coated refractory 

metals to earth reentry flight environments are surface pressure and surface temperature. 

In the tests reported herein, the stream conditions produced stagnation pressures behind 
the Shockwave   pt ,   of 0.03, 0.10, and 5.5 atmospheres and surface temperatures from 

2545° to 3180O F (16™° to 2020° K) on the coated models.    The same stream conditions 

were used for the uncoated alloy models and produced the same stagnation pressures, but 

surface temperatures ranged from 2770° to 4400° F (1795° to 2700° K). 

METHODS AND TESTS 

Models and Techniques 

The refractory metal models used in the present study were machined from solid 

stock to a 0.375-inch-diameter (0.953 cm) blunt-nose shape as shown in figure 1.   This 

shape was selected in an attempt to obtain a more uniform heating rate and surface tem- 

perature on the face of the model than could be obtained on a hemispherical model (see 



ref. 10).   Maximum heating rate limitations in two of the test facilities made the small 
model size necessary to obtain surface temperatures in the range of interest.   Early 
tests produced surface temperatures lower than expected, and this was corrected by 
installing behind the model an alumina insulator which minimized heat conduction losses 
from the back of the model to the water-cooled holder as shown in figure 2. 

The two alloys and four coatings used in the tests are listed in table 1, along with 
the one additional alloy which was tested in the uncoated condition.   Alloy compositions 
and coating compositions, processes, and thicknesses are given in the table.   The 
coatings are all commercially available silicide-base coatings.   They were selected on 
the basis of superior oxidation protection in static oxidation tests made by the University 
of Dayton Research Institute.   (See ref. 11.)   Nominal coating thicknesses listed in 
table 1 are contract specifications consistent with values reported in the literature (see 
ref. 12). 

Both uncoated and coated models were tested at three stagnation pressure levels - 
5.5, 0.10, and 0.03 atm - with each pressure level being obtained in a different facility, 
as shown in table 2.   The observed surface-temperature ranges are listed for both the 
coated and uncoated models.   The use of different facilities prevented the exact duplica- 
tion of surface temperatures at all three pressure conditions.   Surface temperatures on 
the coated models were approximately the same in two of the facilities (for pressures of 
5.5 and 0.10 atm) but were approximately 200° to 400° F (llio to 167° K) higher in the 
third facility (for a pressure of 0.03 atm) due to a minimum heating rate limitation at 
this pressure condition.   All uncoated models were tested in the same supersonic air- 
streams used for the coated models, but surface temperatures were higher on the uncoated 
models due to the exothermic heat of reaction between the metal alloy and the heated 
airstream. 

The three facilities used in this study are listed in table 2.    The Langley 11-inch 
ceramic-heated tunnel is described in reference 13.   It was fitted with a Mach 2 nozzle 
having an exit diameter of 1.332 in. (3.38 cm) and exhausting to the atmosphere.   Fig- 
ure 3 shows a coated model in test position in this facility.   Each coated model was tested 
in 8-min cycles.   The Langley 20-inch hypersonic arc-heated tunnel is described in ref- 
erences 14 and 15.   It was fitted with a Mach 6 nozzle having an exit diameter of 6.6 in. 
(16.76 cm).    Figure 4 shows four coated models in test position in this facility.   These 
models were tested in 5-min cycles.   The high-enthalpy arc tunnel at the Langley 
Research Center is described in the appendix.   Figures 5 and 6 show models in test posi- 
tion in this facility.   These models were also tested in 5-min cycles. 

The models were held in the test streams by water-cooled stings.   A model holder 
used in the ceramic-heated tunnel is shown in figure 2.   A model holder used to test 
4 models simultaneously in the two arc-heated facilities is shown in figure 7.   The models 



in this holder are located on a diameter concentric with the diameter of the test stream. 
The area blocked by the model holder is about 23 percent of the cross-sectional area of 
the test stream.   Results of unpublished surveys of pressure and heating rate in the high- 
enthalpy arc tunnel have indicated that the four models were in a region of uniform flow 
and were exposed to the same test conditions.   A similar result has been obtained for the 
20-inch hypersonic arc-heated tunnel with regard to pressure.   No detailed surveys of 
the heating rate in this tunnel have been made, but temperature surveys made with models 
of like composition indicated that the four models were probably exposed to the same test 

conditions in the tunnel. 

In all three test facilities the test procedure was generally the same.   After flow 
stabilization of the airstream was obtained, motion-picture cameras and a photographic 
pyrometer were turned on and the model, or models, was inserted into the test stream. 
Surface temperature on the coated model stabilized in about 20 seconds after insertion. 
An optical pyrometer was used to observe the model under test.   The model was removed 
from the test stream at the specified test time, or earlier if it appeared to oxidize rapidly. 
In tests of coated models, coating failure (i.e., exposure of the substrate) was detected 
either during the test cycle by observation of a melting or flame phenomenon or after the 
test cycle by eye or with the aid of a low-power microscope.   The life of a coating is 
defined as the cumulative test time to failure. 

Instrumentation and Data Reduction 

The surface temperature of the model was measured by a photographic pyrometer, 
which is described in reference 16.   Since the model could only be photographed from 
the side, the area selected for temperature measurement and resolved by the readout 
system was located on the curved shoulder of the model adjacent to the stagnation zone, 
as shown in figure 8.   Temperature traverses across the curved shoulder of several 
models indicated a linear temperature decrease with axial distance from the front face. 
A linear extrapolation to the visible edge of the front face or stagnation zone indicated 
that the temperature measured on the shoulder was about 2 percent lower than the extrap- 
olated value at the edge of the stagnation zone.   The surface temperature at the edge of 
the stagnation zone is believed to be representative of the temperature in the stagnation 
zone, based on the assumption of a constant heating rate in this zone (see ref. 10).   There- 
fore, measured surface temperatures are believed to be about 2 percent below the 
stagnation-zone surface temperatures.   Surface brightness temperatures were corrected 
for spectral emittance according to the assumed values listed in table 3 and cited in ref- 
erences 17 and 18.   The photographic pyrometer has a measurement imprecision of 
±2 percent.   A ±20-percent error in the assumed emittance values would result in a mea- 
surement error of about T2 percent in the temperature range from 2500° to 3000° F 
(1645° to 1920° K).   (See ref. 16.)   Temperature data were recorded every 1 or 2 sec for 



all test runs.   The temperature reported for each coated model under test is the average 
of the temperatures measured in two or more test cycles.   A 2-percent temperature 
variation was observed between test cycles. 

RESULTS AND DISCUSSION 

Uncoated-Model Tests 

If a coating failure occurs on a coated alloy and exposes that alloy to the oxidizing 
atmosphere, the exposed alloy could oxidize as an uncoated alloy.   Therefore, it was 
important to characterize the oxidation behavior of uncoated alloys in the same dynamic 
environments used for the coated alloys.   The responses of the three uncoated metals, 
which were exposed to the same dynamic oxidizing environments as the coated metals, 
are listed in table 4 and are shown in figure 9.   In figure 9, "noncatastrophic" oxidation 
describes a test in which no liquid phase formed; "catastrophic" oxidation describes a 
test in which a liquid phase formed with a consequent rapid removal of material. 

Molybdenum alloy TZM.- At 5.5 atm, the surface temperatures of the two uncoated 
models of molybdenum alloy TZM were well above the surface temperatures of 2655° to 
2680° F (1730° to 1745° K) for the coated molybdenum-alloy models in the same stream 
(see tables 2 and 4).   A liquid phase was observed to form in less than 30 seconds at tem- 
peratures well below the melting point of the alloy (see table 4 and fig. 9).   A similar 
response was reported for pure molybdenum models exposed to a 10.5-atm airstream in 
reference 19.   At 0.1 atm, temperatures of 3220° to 3315° F (2045° to 2095° K) were 
observed, but no liquid phase formed.   At 0.03 atm, temperatures of 3600° to 3845° F 
(2255° to 2390° K) were observed.   A liquid phase formed on one of the four models at a 
temperature of 3835° F (2385° K), which is well below the melting point of the alloy. 
This liquescent phenomenon was similar to that observed for this alloy at 5.5 atm except 
that the model did not recede rapidly at 0.03 atm.   The surface temperatures at 0.03 atm 
were higher than those at 0.10 atm, which was probably due to the higher heating rate at 
0.03 atm (see table 2). 

Columbium alloys Cb-752 and B-66.- The uncoated columbium alloys (Cb-752 and 
B-66) are discussed together because of similarities in oxidation response at all three 
pressure conditions.   (See table 4 and fig. 9.)   A liquid phase was observed to form on 
both alloys at all three pressure levels and at surface temperatures well below the 
melting point of the metal.   This liquescent phenomenon occurred in less than 25 sec at 
5.5 atm and in less than 20 sec at 0.03 and 0.10 atm.   This phenomenon has been observed 
on columbium metal in a static oxidation test at 1 atm in oxygen and at 2550° F (1670° K) 
(see ref. 20).   The observed temperatures at which liquid formed are near the melting 
points of the base-metal oxides (see ref. 21); this result suggests that one or more of 
these oxides may have formed on these alloys. 



From the foregoing discussion on the oxidation response of the uncoated metals, it 
is concluded that at the low pressures of interest for reentry flight missions, the exposure 
of any of the columbium alloys of this study by a coating failure could result in the cata- 
strophic oxidation of the base metal in 20 sec or less. 

Coated-Model Tests 

All four coating-alloy systems are represented in figures 10 and 11 which show 
magnified front-face views of some of the models tested in the three dynamic environ- 
ments.   In general, the response shown by each of the models in these figures illustrates 
failure mode.   Average surface temperature and coating life are listed for each model 
shown.   The coating life of the coated Cb-752 models tested at 5.5 atm is shown as 
>72 min, meaning that testing was discontinued after 72 min of total test time without 
visual evidence of coating failure.   Table 5 lists the test results for the coated TZM and 
Cb-752 models and figures 12 and 13 show these data plotted for each coating system. 

Molybdenum alloy TZM.- Figure 12 shows that the coating life of the TZM/Durak B 
system was significantly lower at 0.10 and 0.03 atm than at 5.5 atm.   At the lower pres- 
sures, coating life did not exceed 32 min.   The lower lifetimes at reduced pressure may 
be due to a low-pressure decomposition of the protective silica layer that forms on the 
surface of silicide-base coatings.   (See ref. 9.) 

A comparison was made between the coating life of the TZM/Durak B system in the 
dynamic oxidation environment of this study and the coating life of this system in a static 
oxidation environment (see table 6(a)).   At approximately the same pressure of 0.03 atm 
and average coating life, surface temperatures for the dynamic tests were about 200° to 
300° F (1110 to 167° K) lower than they were for the continuous static tests.   This 
behavior is equivalent to lower coating life at a given temperature and is not surprising 
in view of the dynamic environment and short test cycle time (see ref. 7). 

Lifetimes for the TZM/Vought IX system varied considerably at both high and low 
pressures, probably an indication of coating nonuniformity among models (see fig. 12). 
Because of this large variation, no trend with pressure could be defined. 

Columbium alloy Cb-752.- Since the behavior of the Cr-Ti-Si and Cr-MoSi2 coatings 
on columbium alloy Cb-752 was similar at all three test conditions, the response of these 
coatings will be discussed jointly. 

At 5.5 atm, tests were stopped on both coatings when no failure occurred after a 
total test time of 72 min (see fig. 13).   At 0.10 atm, both coatings failed in less than 
20 min.   At 0.03 atm, both coatings failed in 32 min or less.   These results indicate that 
a sharp drop in coating life occurred for the Cb-752/Cr-Ti-Si and Cb-752/Cr-MoSi2 sys- 
tems when air stagnation pressure was reduced from 5.5 to 0.10 atm.   At the lower pres- 
sures of 0.10 and 0.03 atm, coating life did not exceed 32 min. 
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The response of the Cb-752/Cr-Ti-Si system in the dynamic environment of this 

study is compared with the response of this system in a static environment at approxi- 

mately the same pressure conditions (see table 6(b)).   The results indicate that the static 

or dynamic state of the environment was apparently not critical to coating performance 

at an air pressure of 0.03 atm and at surface temperatures of 2880° to 3180° F (18550 to 

2020° K) as evidenced by the low coating life and the melting of the models. 

CONCLUDING REMARKS 

An experimental study was made to investigate the oxidation behavior of uncoated 

and commercially coated molybdenum alloy TZM and columbium alloy Cb-752 in super- 
sonic airstreams. 

Coating life for the TZM/Durak B system was lower at air stagnation pressures 

of 0.10 and 0.03 atmosphere than at 5.5 atmospheres.   At the lower pressures, coating 

life did not exceed 32 minutes.   At approximately the same pressure of 0.03 atmosphere 

and average coating life, surface temperatures for the dynamic tests were 200° to 300° F 
(111° to 1670 K) lower than that reported for continuous static tests. 

No coating-life trend with pressure was found with the TZM/Vought IX system due 
to the large variation of coating life at air stagnation pressures of 5.5, 0.10, and 
0.03 atmospheres. 

A sharp drop in coating life occurred for the Cb-752/Cr-Ti-Si and Cb-752/Cr-MoSi2 

systems when air stagnation pressure was reduced from 5.5 atmospheres to 0.10 atmo- 

sphere.   At air stagnation pressures of 0.10 and 0.03 atmosphere, coating life did not 

exceed 32 minutes.   The static or dynamic state of the environment was not found to be 

critical to the coating performance of the Cb-752/Cr-Ti-Si system at an air pressure of 

0.03 atmosphere and at surface temperatures of 2880° to 3180° F (1855° to 2020° K) 

The uncoated columbium alloys (Cb-752 and B-66) tested in the same reduced- 

pressure dynamic test streams used for the coated alloys (0.03 and 0.10 atmosphere) were 
found to oxidize catastrophically by forming liquid phases in less than 20 seconds. 

Liquescent temperatures were below the melting points of the uncoated alloys. 

The uncoated molybdenum alloy (TZM) and columbium alloys (Cb-752 and B-66) 

tested in the same high-pressure dynamic test streams used for the coated alloys 

(5.5 atmospheres) were found to oxidize catastrophically in less than 30 seconds.   Liques- 
cent temperatures were below the melting points of the uncoated alloys. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., August 19, 1968, 

129-03-12-05-23. 



APPENDIX 

THE HIGH-ENTHALPY ARC TUNNEL AT THE 

LANGLEY RESEARCH CENTER 

The high-enthalpy arc tunnel at the Langley Research Center is a materials test 
facility capable of producing high-temperature supersonic gas streams having total 
enthalpies in the range from 10 000 to 12 000 Btu/lbm (23 to 28 Mj/kg).   The high- 
temperature supersonic gas stream, consisting of air or nitrogen, is produced by passing 
the gas through an arc heater and then expanding it through a conical nozzle to an evac- 

uated test section. 

To provide a wide range of test conditions, three nozzle sizes and a range of arc- 
chamber pressure are available.   All three nozzles have throat diameters of 0.75 in. 
(1.9 cm), and are provided with exit diameters of 2 in. (5.1 cm), 4.6 in. (12 cm), and 
7.6 in. (19 cm).   Arc-chamber  pressure may be varied between 1.0 and 3.3 atm.   The 
general arrangement of this facility is shown in figure 6. 
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TABLE 3.- SPECTRAL EMITTANCE OF UNCOATED AND COATED 

REFRACTORY METAL ALLOYS 

Metal alloy Coating 

Name 
Spectral 

emittance 
(0.65 jum) 

Reference Name 
Spectral 

emittance 
(0.65 iim) 

Reference 

Molybdenum 

alloy TZM 
^.50 17 

DurakB b0.80 

VoughtIX b0.80 

Columbium 

alloy 
Cb-752 

C0.70 17 
Cr-Ti-Si 0.70 18 

Cr-MoSi2 b0.80 

Columbium 

alloy B-66 

CQ.70 17 None 

aEmittance of titanium oxide used for oxidized form of alloy. 
bEmittance of this coating taken to be same as that for PFR-6 

suicide coating in reference 5. 
cEmittance of columbium oxide used for oxidized form of alloy. 
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TABLE 5.- RESPONSE TO DYNAMIC TEST ENVIRONMENTS 

(a) Coated TZM models 

Coating 

Air 
stagnation 
pressure, 
Pt,2. atm 

Surface 
temperature Coating life, 

min 
Op °K 

Durak B 

5.5 2660 

2680 

1735 

1745 

48 

53 

0.10 2675 

2725 

1740 

1770 

21 

21 

0.03 2830 

2890 

2905 

1830 

1860 

1870 

32 

22 

28 

Vought DC 

5.5 2655 

2665 

1730 

1735 

16 

44 

0.10 2650 

2650 

2655 

1730 

1730 

1730 

16 

42 

11 

0.03 2790 

2815 

1805 

1820 

62 

25 

(b) Coated Cb-752 models 

Coating 

Air 
stagnation 
pressure, 
pt g, atm 

Surface 
temperature Coating life, 

min 

°F °K 

Cr-Ti-Si 

5.5 2675 

2735 

1740 

1775 

>72 

>72 

0.10 2630 

2750 

1715 

1785 

19 

10 

0.03 2880 

3000 

3180 

1855 

1920 

2020 

5 

11 

10 

Cr-MoSi2 

5.5 2630 

2660 

1715 

1735 

>72 

>72 

0.10 2545 

2565 

2595 

1670 

1680 

1700 

5 

10 

15 

0.03 2830 

2850 

2950 

1830 

1840 

1895 

12 

22 

32 

16 



TABLE 6.- COMPARISON OF COATING LIFE IN DYNAMIC 

AND STATIC TEST CONDITIONS 

(a) TZM/Durak B system 

Type of test 

Air 
stagnation 
pressure, 
Pt,2> atm 

Surface 
temperature Coating life, 

min 
oF °K 

Dynamic 

oxidation 

0.03 2830 

2890 

2905 

1830 

1860 

1870 

32 

22 

28 

Average   27 

Static 

oxidation 

(see ref. 9) 

0.026 3100 

3150 

1980 

2005 

42 

24 

Average    33 

(b) Cb-752/Cr-Ti-Si system 

Type of test 

Air 
stagnation 
pressure, 
Pt,2 atm 

Surface 
temperature Coating life, 

min Type of failure 

°F °K 
Dynamic 

oxidation 

0.03 2880 

3000 

3180 

1855 
1920 

2020 

5 

10 

11 

Incipient melting 

Melted 

Melted 

Static 

oxidation 

(see ref. 9) 

0.026 2900 

2900 

1865 

1865 

5 

5 

Melted 

Melted 

17 



0.3750,°^ (0.953)(0.318) 

3/4 (1.905) 

Figure 1.-  Construction details of blunt-nose refractory-metal-alloy models.  All dimensions are in inches  (centimeters). 
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Figure 3.-  Coated model in test position in Langley 11-inch ceramic-heated tunnel. L-67-3945 
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Stagnation Zone 

Airflow 

0.046 in.   (0.12 cm) 

V 
Region resolved 

Figure 8.-  Region on shoulder of model resolved by photographic-pyrometer readout system. 
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Figure 12.-  Response of coated TZM models to dynamic test environments. 
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Figure 13.-  Response of coated Cb-752 models to dynamic test environments. 
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